We have developed a range of fullerene containing materials for use as organic hard masks. Recent advances in material development are reported together with some results from external evaluations of the original HM100 series. Initial results for the new HM340-383-010 formulation show it to have a high thermal stability (~5.5 % mass loss at 400˚C) and a very high carbon content (at 95.3%), offering high etch durability.
INTRODUCTION
The advance of lithographic resolution requires extremely thin photoresist films for the fabrication of "1x nm" structures, to prevent issues such as resist collapse during development (figure 1). But although there are resist materials with high etch durability [1] , the use of such thin films will ultimately limit achievable etch depths.
Figure 1 Pattern collapse in high aspect ratio resist features during development
The use of a multilayer etch stack offers a possible solution (figure 2), producing a considerable increase in aspect ratio for the final "hard mask", used for subsequent etching. For organic hard masks, high carbon formulations are preferred as these possess a high etch resistance in silicon plasma etch processes. The high resolution image is captured in a thin resist top coat layer (without feature collapse) and transferred down through the stack to produce high aspect ratio carbon hard mask structures suitable for subsequent substrate etching. 
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In terms of manufacturability it is beneficial to spin coat the carbon layer instead of using chemical vapor deposition [2] , but the presence of carbon-hydrogen bonds in typical spin on carbon leads to line wiggling during the substrate etch step [3] . The etch resistance of the Irresistible Materials' (IM) fullerene based material allows high aspect ratio etching from a very thin film and at high resolution (figures 3 and 4). The materials have low levels of aliphatic hydrogen, which is proposed as a solution to the "wiggling" of features below 30nm linewidth [4] , during the plasma etch step to transfer the features into the underlying layer. Wiggling is not observed with IM hard mask materials.
Figure 3 22nm pattern etched into silicon using IM hard mask
Hard mask requirements are strongly linked to the lithographic requirements outlined in the International Technology Roadmap for Semiconductors [5] . Key attributes for a spin on carbon hard mask material include the ability to spin coat from standard solvents, and the spin deposited films after post application bake should have a high thermal stability to ensure compatibly with subsequent processing steps. The material must have a low etch rate in halogen plasmas, whilst being easily etched in oxygen plasmas (for ease of patterning and removal). The ability to be patterned at high resolution is essential, ideally at 20nm or better and the transferring of that pattern into the next layer should not result in distortion/ "wiggling" of the carbon hard mask features.
HM100 SERIES FULLERENE BASED HARD MASKS
We have previously presented good results for the HM100 series of spin-on-carbon (SoC) hard masks and reported on material characterization [6, 7, 8] . The basic material for this spin-on carbon series consists of a C60 PCBM fullerene derivative (Phenyl C60 Butyric Acid Methyl Ester) and an epoxy crosslinker (Poly[o-cresyl glycidyl ether]-coformaldehyde) (figure 4). The HM140-350-100 hard mask, using a cyclohexanone casting solvent, is available in a range of concentrations allowing the film thickness to be tuned from 20 to 250 nm (figure 5). More concentrated formulations are also possible, up to 250g/l.
Figure 5 Film thickness vs. spin speed curves for HM140-350-000 series
The HM140-350 series formulations use a low cost to produce mixed fullerene multi-adduct derivative, which gives no degradation in the performance as a result of the cost reduction measures (figure 6). In fact as the functionalisation of the fullerene is increased the etch resistance of the material increases, despite a decrease in the carbon content [8] . It is thought that increasing the number of functional groups increases the crosslinking, leading to an increase in etch durability. The 100 series materials have been demonstrated to produce very good etch performance by McGill University, Montreal, using an "Applied Materials P5000" RIE tool [9] . Independent tests at IMEC have shown the HM140-350-100 hard mask to be more etch resistant than their "standard" SoC hard mask for the etching of amorphous-silicon, silicon nitride and spin-on-glass (figure 7), and to have an etch resistance approaching that of amorphous carbon. 
NEW HM340 HARD MASK
The new HM340 hard mask offers a number of advantages over the 100 series materials, especially when combining the inherent improved thermal stability and etch resistance of the 300 series, together with an increased fullerene derivative to crosslinker ratio. The HM140-350-100 used a cyclohexanone casting solvent. The new HM340 hard mask is spun from an anisole casting solvent, a generally more acceptable casting solvent than cyclohexanone. Varying the concentration of the HM-340-383-010 hard mask in the range 10 to 100 g/l allows the film thickness to be tuned from 20 to 250nm (see figure 8) . However, the material has a very high solubility (>350g/l) in anisole, offering a substantial further possible increase in the spun film thickness.
The HM300 series had demonstrated high thermal stability [8] . The new HM340-383-010, with a higher content of the more thermally stable fullerene derivative and a slightly higher crosslinking bake temperature, has shown further improved thermal stability, both in terms of thickness loss with temperature and mass loss with temperature, as shown in figures 9 and 10.
The measured thickness loss at 400˚C was ~2%, whereas the measured mass loss was ~5.5% (the early mass loss with the TGA is an artifact due to a static issue). The figures for the HM-140-350-000 were, the thickness loss at 400˚C was 12.6% and the mass loss was 13.7%. The thickness loss with temperature data was generated from ellipsometry measurements of spun, ~250nm films, before and after a 5 min furnace bake in nitrogen at the test temperature. The TGA / mass loss with temperature used a manually spread (not spun) film, to give a larger initial mass (8mg compared to 1mg for a spun film).
It is thought that the difference in the thickness loss and mass loss at 400˚C (~2% thickness loss v ~5.5% mass loss) is likely to be due to increased solvent retention in the abnormally thick, manually spread film.
Carbon content is often used as an indicator of etch resistance. The HM300 series has an increased carbon content compared to the HM100 series. For example the HM340-350-010 has a significantly increased carbon content compared to the HM140-350-000 (88.43% compared to 83.73%). When the fullerene derivative to crosslinker ratio is increased in the HM-340-383-010, the carbon content is very high at 95.3% (see figure 11 ). From the etch performance data presented last year [8] , the HM300 series was shown to give better etch performance than the HM100 series, and the HM340 is predicted to have a significantly better etch performance than the HM140 (see figure 12 ).
Comparison of the etch durability for the different variants of the HM100 series has shown that as the functionalization of the fullerene is increased, the etch resistance of the material is also increased [8] . The HM-x20 materials are bisadduct while IM-HM-x40 materials are multi-adduct. With the further additional increase in the carbon content (from 88.43% to 95.3%) due to the increased fullerene derivative content, the etch resistance of the HM340-383-010 is expected to be very good. This will be verified through upcoming etch tests.
The surface roughness of 50 and 250nm thickness films of the HM-340-383-010 hard mask has been measured by Atomic Force Microscopy (AFM) and compared to a representative bare silicon wafer. Roughness figures for the two films are similar, with slightly better results for the thicker film (see figure 12) 
CONCLUSION
The use of multilayer etch stacks incorporating carbon hard masks is now essential to enable the semiconductor industry to produce devices at ever shrinking dimensions, particularly given recent developments in three dimensional device architectures, such as FinFET and trigate devices.
These Irresistible Materials' fullerene based hard mask formulations outperform existing state of the art materials across several critical performance metrics, whilst maintaining the advantages of spin-on materials over CVD deposited carbon.
The new HM340-383-010 has a high thermal stability and a very high carbon content, offering high etch resistance.
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